Skirted foundations are used in offshore applications to resist the large horizontal and moment loads that are characteristic of the ocean environment. The combination of vertical-horizontalmoment (VHM) loading results in complicated stress conditions in the seabed and design is often based on VHM failure envelopes. These have generally been constructed by numerical analysis using a deterministic characterisation of soil properties and disregard the natural spatial variability of marine sediments. In this study, spatial variability is taken into account by coupling a random field model with finite element analysis. The paper presents a probabilistic analysis of the ultimate capacity of skirted foundations in spatially variable undrained clay. The increase of strength with depth typical of a marine clay is included in the modelling framework.
Introduction
In this paper, the ultimate capacity of skirted foundations in spatially variable undrained 34 clay is assessed under both uniaxial loading and combinations of VHM loads. Probabilistic 
Computational framework

42
The effect of spatial variability on the undrained VHM capacity of skirted foundations is 43 assessed by coupling a random field model with finite element (FE) analysis. Monte Carlo 44 simulation is used to characterise the stochastic response, i.e. the probability density function 2.1 Simulation of spatial variability 2 COMPUTATIONAL FRAMEWORK the entire field. However, the undrained shear strength may be related to the overconsolidation 58 ratio (OCR) and effective vertical stress, σ ′ v , as follows [30] :
where r and m are constants. In a normally consolidated marine clay, OCR is equal to 1 
where z is the depth below the mudline and γ ′ the effective unit weight of the clay. Spatial 63 variability may therefore be taken into account by considering r as a homogeneous random 64 field [19] . Here, both γ ′ and s u,m are taken as deterministic quantities.
65
The mean (µ s u ) and standard deviation (σ s u ) of s u are:
σ s u = γ ′ zσ r (4) where µ r and σ r are the mean and standard deviation of r, respectively. Both µ s u and σ s u are 67 dependent upon the vertical effective stress. The increase in variability of s u with depth has 68 been observed by Lumb [20] in a normally consolidated marine clay and so can be considered 69 to represent a typical offshore scenario.
70
It is clear that s u should not be a negative value and a Gaussian distribution would therefore 71 be unsuitable for r. A lognormal distribution takes only positive values, making it an appro-72 priate choice. If x denotes spatial position, the lognormal random fields r(x) and s u (x) can be 73 generated by:
where G(x) is a standard homogeneous Gaussian random field of zero mean and unit variance and µ L,r and σ L,r are, respectively, the mean and standard deviation of ln(r).
76
The standard Gaussian random field G(x) is generated using the Karhunen-Loeve (KL) ex- model the mudline strength will be random due to interpolation from the stochastic mesh. 
Finite element model
92
The deterministic simulations are carried out using the commercial FE code Plaxis 2D [24] .
93
A range of embedment ratios between 0 and 1 were considered in order to observe the effect 
117
The skirted foundation is modelled using rigid plate elements. Interfaces are applied along 118 the vertical skirt with extensions beyond the skirt tip to avoid unrealistic stress concentrations.
119
It is assumed that suction is generated in the clay plug during loading, thus no reduction in 120 strength is considered between the foundation and soil. Installation effects on the outside wall 121 of the skirt are also neglected.
122
A load-controlled method is used to define the VHM envelopes. Load probes at different 123 angles, corresponding to fixed ratios of VH, VM and HM loads, are applied at the load reference 124 point (defined in Fig. 1 
Results and discussion
129
The increase of s u with depth is illustrated in Fig. 4 . The deterministic profile of s u corre- 
Uniaxial capacity
As a reference case, 1000 Monte Carlo simulations were used to determine the stochastic 137 response of a skirted foundation with an embedment ratio of 0. 25 . Fig. 6 shows the evolution 138 of the mean and COV of the uniaxial capacities, denoted V 0 , H 0 and M 0 and referring to pure 139 vertical, horizontal and moment loading respectively, throughout the Monte Carlo simulations.
140
The mean is normalised by the respective uniaxial deterministic capacities to facilitate compar- used to characterise the stochastic response for other embedment ratios.
147
The results of the uniaxial loading cases from stochastic and deterministic analyses are pre-
148
sented in Table 1 . Results are given in terms of dimensionless capacity factors defined by: Firstly, it can be seen that the deterministic FE analysis in this study predicts bearing capacity 156 factors 5-10% less than those reported by Gourvenec and Barnett [13] . The horizontal capacity
Uniaxial capacity 3 RESULTS AND DISCUSSION
Number of simulations effect on the response, reducing the influence of individual zones of stronger and weaker clay.
181
The COV of the ultimate capacity, under any combination of loads, is a result of the combined 182 influence of spatial variability and the form of the failure mechanism. 
Inverting the CDF to obtain a unique value, as required by Eq. be easily inverted and can better approximate the tails of the distribution, as evident in Fig. 9 .
216
A non-parametric technique is applied to avoid the need to assume a certain form of probability 217 distribution, which is useful when considering the whole series of load probes. The robust and 218 optimal KDE method proposed by Botev et al. [5] is used to estimate the CDF. As no closed-219 form expression is available, values of the CDF are evaluated on a fine grid (at 4096 points) and 220 interpolation used to solve Eq. (9).
221
Fig . 10 shows the probabilistic bearing capacity factors as a function of embedment ratio.
222
As the probabilistic factors are defined by inverting the CDF, the interpretation is clear. For 223 example, the 1% probabilistic capacity factor, N c,1 , is defined as being the bearing capacity 224 factor at which there is a probability of 1% that the random variable N c , the actual bearing N c, 50 . There is consequently a probability of 50% or greater that the ultimate capacity of the 232 foundation will be less than that predicted by a deterministic analysis; this is often referred to 233 as the probability of failure P f = P(N c ≤ N c,det ) (e.g. Griffiths for combinations of negative horizontal load and moment than for positive horizontal loads, and 250 the greatest spread of potential capacity occurs at peak moment capacity.
Probabilistic VHM failure envelopes
251
While it is clear from Fig. 11 that consideration of spatial variability has the potential to the VHM envelopes, with i = 1, . . . , n, the probabilistic failure envelope corresponding to the 259 probability p is denoted N c,p and can be constructed componentwise as before: capacities in order to observe how load interaction affects the probability of failure.
273
As shown in Fig. 12 , for a surface footing there is little difference between the probabilistic 274 and deterministic envelopes when loading is dominated by a horizontal force. As discussed envelope from the FE analysis in this study and that undertaken by Gourvenec and Barnett [13] . When vertical skirts are added to the foundation, the failure envelope in the HM plane be-287 comes increasingly eccentric. This has been observed by many researchers, for example Gour-288 venec and Barnett [13] and, for the analogous case of embedded foundations, by Yun and
289
Bransby [32] , Gourvenec [12] and Bransby and Yun [7] . The choice of load reference point 290 in this study, at the centre of the foundation for all embedment ratios, results in the eccentricity 291 of the envelope reversing direction from a rightwards 'lean' at D/B = 0 (Fig. 12) to a leftwards
292
'lean' for footings with vertical skirts (Figs. 13 to 15 ). The response of the foundation is most 293 variable close to the peak moment capacity. This is particularly evident in Fig. 15 for D/B = 294 1, where the 1% and 99% envelopes at peak moment capacity are ± 15% of the determinis-295 tic. It can also be seen that the probability of failure, P FS f increases at peak moment capacity, For embedment ratios greater than 0, the variability around the envelope is more consistent 298 in the VM and VH planes than the HM plane. This is likely due to the fact that the transition 299 between failure mechanisms is more straightforward. However, P FS f can be seen to approach 
303
The probabilistic failure envelopes offer a simple quantification of the uncertainty in ulti- characterise the statistical properties of the soil before using probabilistic methods in design.
318
However, the observations made in this study regarding potential 'at-risk' areas of the failure 319 envelope remain valid. 
327
Under uniaxial loading, the mean of the foundation capacity was found to be very similar to 328 that obtained using a deterministic profile of s u across all embedment ratios. However, the COV 329 varied depending upon the applied load and skirt length. The variability of the clay increased 330 with depth but deeper mechanisms did not necessarily lead to a greater COV due to the influence 331 of the type of failure mechanism. The probability of failure with respect to a deterministic 332 analysis was also analysed and if no factor of safety is considered, P f is approximately 0.5. If 333 the material factor recommended by the ISO [16] is used (FS = 1.25) , the probability of failure 334 reduces to less than 10 −3 which is likely to represent an acceptable reliability.
335
The ultimate capacity of skirted foundations under combined loading was investigated by for the uniaxial load cases, the probability of failure is increased when the vertical load com-342 ponent is sufficient to affect bearing capacity and, in the HM plane, at peak moment capacity.
343
This suggests that care should be taken in a failure envelope design approach if design loads 344 approach these areas of the envelope.
345
The probabilistic failure envelopes presented here are limited to the specific case considered.
346
However, the methodology demonstrates a straightforward and effective way of quantifying and 347 understanding uncertainty in the ultimate limit state design of offshore geotechnical structures.
